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ABSTRACT  

The sun is not always shining, and the wind is not always blowing, hence energy storage becomes 

an essential part of human life. Among the energy storage technologies, batteries are touted to be 

the front runners, especially Lithium-ion batteries (LIBs) with their existing infrastructure offer 

solutions to the current barriers in this field. The era of battery powered vehicles has made the 

need for growth in LIB’s even more evident, as more and more vehicles are deployed every year. 

However, current LIB’s lie far behind gasoline powered vehicles owing to their low energy 

density. Range anxiety has been a major hindrance to the deployment of electric vehicles (EVs). 

To tackle this issue, researchers have transitioned from traditional graphite anode to different 

chemistries. Silicon anodes, owing to their extremely high theoretical capacity and its high 

abundance has gained a lot of attention. However, silicon expands nearly 3 times its original size 

leading to issues like pulverization and delamination that cause severe capacity decay. This has 

been a major impediment to the commercialization of Si anodes. In this work, various strategies 

have been discussed to overcome these issues. The significance of properties in binders, a 

polymeric material used to bind the electrode components, and maintain the electrode integrity has 

been discussed. Moreover, the effect of silicon (active material) particle size on the 

electrochemical performance has been investigated. 

 The results demonstrate the significance of binder molecular weight, an important property 

that determines the coulombic efficiency and capacity retention. Further results show the 

importance of silicon size and the addition of electrode modifications that render a stable capacity 

over several cycles of deep discharge. The results show a successful demonstration of a scalable 

and economically feasible fabrication technique to mitigate volume expansion in silicon-based 

anodes.  
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CHAPTER 1: INTRODUCTION 
 

Energy is essential to all life and living organisms and exists in different forms. With 

technology developing at a rapid pace in all directions, the need for a cost-effective and reliable 

source of energy has gained a lot of importance. According to Enerdata yearbook, the consumption 

of energy worldwide has grown by nearly 3% in the year 2019. United States is the 2nd largest 

consumer of global energy of about 18% according to the Energy Information Administration 

(EIA) and ranks 2nd in the emission of CO2 (5416 MtCO2) below China, contributing nearly 15% 

of the worldwide emissions. Currently, 79% of the total energy consumption in the United States 

is sourced from fossil fuels (petroleum, coal, and natural gas) as reported by the EIA. Fossil fuels 

are not inexhaustible, and pollutants released by burning fossil fuels are wrecking the environment. 

This over-dependence on non-renewable resources leads to several negative issues that impact the 

planet and their living organisms. Reports from multiple sources suggest that the future of living 

organisms on this planet would be in danger if the trend continues. In the past decade, researchers 

all over the world have actively focused their attention towards alternate sources of energy. In 

recent years, there has been a forward movement towards renewable energy by various 

governments to make their citizens learn and fight global warming. 

Energy resources that can be utilized repeatedly over a period of time are called renewable 

energy. Some examples of renewable energy are solar, wind, and biomass energy. But the common 

problem encountered with these renewable energy sources is the intermittency issue [1], [2]. These 

energy sources need some sort of storage technology to make themselves a reliable source that can 

provide energy to the grid when there is no generation (Example: Sun during the night, wind when 

not blowing). Therefore, this transition from harvesting energy from renewable resources towards 

storing it opens a new avenue for energy storage technology [3], [4]. To penetrate the market of 
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renewables, the cost and reliability of energy storage are the most important characteristics. In 

recent years, batteries have gained a lot of attention and are tipped to be the front runner among 

energy storage technologies [5]. Batteries are already a part of the everyday life of human beings 

through the various electronic devices we use [6], [7]. The working of a battery is very simple. It 

consists of two electrodes at different potentials in an ionically conductive electrolyte. When the 

electrodes are connected externally by a device, the ions flow through the electrolyte from the 

positive to the negative electrode with the electrons flowing in the reverse. This operation results 

in the storing of electrical energy by the external circuit [8,9,10]. Batteries have various 

chemistries, the most prominent and the commercial ones are Lithium-ion batteries (LIBs). In 

recent years, LIBs have emerged as the most prominent battery choice in electronics and 

transportation sectors. This is mainly due to the high energy and high power density offered by 

LIBs compared to the other commercial technologies[11].  

Since its commercialization in 1991 by Sony Corporation, Lithium-ion batteries are widely 

used in small, portable electronic devices due to high energy density, high power discharge 

capability, and long cycle life. Currently, graphite and lithium metal oxides (like LiCoO2) are used 

as negative and positive electrodes for commercial high volume manufacturing of LIBs [8], [12]. 

Automobile companies like Tesla, Nissan, etc., in the past few years, have performed various 

modifications (like geometry, separators[13], and electrolyte materials[14]) to the conventional 

electrodes and have successfully produced pure electric vehicles. However, all the modifications 

involve the same chemistry as lithium-ion batteries and hence limit their practical capacities[15]. 

The electric vehicles market is encountering a major barrier in application due to range anxiety. 

Range anxiety is the fear that a vehicle has insufficient range to reach its destination thereby 

stranding the vehicle’s occupants. Range anxiety is primarily used in reference to battery electric 
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vehicles (BEVs) and is considered to be a major barrier to large scale adoption of electric vehicles 

[16], [17]. To cure the range anxiety issue, there has to be a dramatic increase in the energy density 

and power density of Li-ion batteries for electric vehicle applications[15]. 

To produce batteries that have higher energy densities and capacities, a change in the 

chemistry of the electrode (anode/cathode) is necessary. Since its inception and commercialization, 

carbon material has always been used as the anode as opposed to the cathode material that has 

undergone various changes [3], [18]. Over the past few years, researchers have directed their 

attention towards finding different viable chemistries for Li-ion anodes. There are 3 prominent 

chemistries in Li-ion anode that started gaining attention, namely intercalation, conversion, and 

alloying chemistry. 

Chemistries in Li-ion batteries: 
 

Intercalation/de-intercalation: The first class of chemistry is intercalation chemistry, the most 

popular one. The mainly studied intercalation anodes involve graphite and Lithium titanium oxide 

Li4Ti5O12 (LTO) [11], [12]. Intercalation refers to the reversible insertion and extraction of Li into 

a solid host which can have different structures like layered/spinel etc. In both LTO and graphite, 

the lithium ions intercalate into the structure of these materials during charging and de-intercalate 

during discharge. For example, graphite has a layered structure held together by van der Waals 

forces and lithium intercalates between carbon layers upon charge/discharge. The maximum 

concentration of Li in graphite is one Li per six carbon atoms (LiC6), and the theoretical capacity 

of graphite anodes is 372 mAh/g [19]. The volume change in graphite anodes when lithium 

intercalates is less than 10%. Whereas, LTO on the other hand undergoes a highly reversible, 

stress-free intercalation process. LTO has various advantages like favorable Li potential (1.5V), 

fast cycling because of its high reduction voltage, and prolonged cycle life. However, LTO is 
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inferior to graphite due to its poor energy density (low specific capacity - 160 mAh/g). Hence, 

graphite has gained more attention among the intercalation chemistries and has shown good 

cycling and rate capability characteristics [20]. 

Conversion: The second class of chemistry is the materials involving conversion chemistry. In 

this chemistry, the electrodes are made up of nanoparticles of transition metal oxides like cobalt 

oxide, nickel oxide, and copper oxide, as well as certain phosphides and fluorides that undergo 

reduction reaction with Li-ions leading to the formation Li2O. It can be depicted as follows: 

Li +MaXb ⇌ aM + bLinX 

Here, M is often a transition metal and X represents the anion, which is oxygen in the case of 

anodes. This chemistry has proved to be better in terms of the capacities when compared to the 

intercalation chemistries with almost twice (700 mAh/g) the capacities of intercalation anodes 

[21], [22]. However, these anodes have various issues that limit their commercialization. The 

major issues involving conversion chemistry-based anodes are their operation at higher 

temperatures, high volume changes during cycling (charge & discharge), unstable solid electrolyte 

interface (SEI), and low first cycle coulombic efficiency/initial coulombic efficiency (ICE) [22]. 

Alloying/de-alloying: The third class of the family of anode materials is the materials that undergo 

an alloying mechanism. Common materials belonging to this class are Tin, Germanium, Gallium, 

and Silicon [23],[24]. Different from the intercalation species, lithium is not stored between carbon 

layers but forms alloys with metallic elements. The mechanism can be depicted as follows: 

M +yLi ⇌ LiyM 

Intermetallic materials were also used as negative electrode materials owing to their relatively high 

capacities. Silicon and Tin lithiated up to 4.4 Lithium ions for each atom of their own resulting in 

high specific capacities of 4200 mAh/g and 900 mAh/g respectively [18], [25], [26]. 
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 Among the alloying chemistry, Silicon has recently gained a lot of interest owing to its 

extremely high theoretical capacity of 4200 mAh/g which is almost 10 times that of current 

commercial graphite electrodes (372 mAh/g). Typically, Si alloys formed are Li2Si, Li15Si4, Li21 

Si8, Li22Si15 which means for every Si atoms up to 4.4 Li-ions [27] can be stored compared to one 

Li atom per six C atoms in graphite(LiC6) [28]. In addition to the high capacity, various other 

factors support the increasing research in Silicon anodes. Silicon shows beneficial intrinsic 

properties, like low delithiation potential vs Li/Li+ at 0.4V when compared to the other anode 

materials, and are less likely to form dendritic growth at high current densities [29]. The formation 

of dendrites and their growth is a major problem in graphitic anodes and can lead to short circuits, 

ignitions/explosions [30]. Since the potential is higher than that of graphite (0.05V vs Li/Li+), Si 

is less likely to form dendrites alleviating the safety concerns. In addition to this Silicon is the 2nd 

most abundant material on the earth’s crust and is eco-friendly and non-toxic making it a much 

safer alternative. Moreover, the growth of the semiconductor industry has laid a mature 

infrastructure for the processing of Silicon [31], [32]. However, the commercial application of this 

high capacity silicon has been hindered due to their poor electrical conductivity and their large 

volume variation (around 300%) during the charging/discharging [33], [34]. This results in 

capacity fading during cycling and cell failure due to the following three main effects: 

Pulverization: Pulverization is the cracking of anode material due to the stress-induced by volume 

change during lithiation and de-lithiation. Because of its inherent ability to store a large number of 

lithium ions, a huge amount of stress is generated. This leads to loss of electric contact among the 

active material (Silicon) which further leads to capacity fading upon cycling [35], [36].  

Delamination: Delamination is a result of structural modification upon the cycling of the 

electrode. During lithiation/delithiation, the Silicon particles expand/contract volumetrically and 
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exert force on each other. This causes loss of contact between the active material and the electrode 

collector (Cu foil). The loss of active material drives down the utilization of silicon which in turn 

drives down the capacity and eventually causes cell failure [4], [37]. 

Unstable Solid-Electrolyte Interface (SEI): The Solid-Electrolyte Interface (SEI) is a thin 

interfacial layer formed on anode surfaces as a result of electrolyte decomposition at low potentials 

outside the electrolyte’s electrochemical stability window [38], [39]. The instability in SEI can be 

attributed to the irreversible consumption of Lithium ions due to their reduction on the electrode 

surface and thus the buildup of SEI. Generally, the SEI layer is conductive for Li and covers the 

active material, preventing the further buildup of SEI and results in a smooth and thin SEI layer 

(Graphite anodes). However, the iterative volume change of Si excess amount of stress and breaks 

the SEI layer, leading to the formation of an additional SEI layer on the freshly exposed Si surface. 

This process continuously consumes Li-ions as well as the electrolyte and thus an increasingly 

high resistance is formed impairing the Coulombic efficiency every cycle and ultimately causing 

electrode failure [37], [40]. 

Over the past decade, multiple approaches have been used to tackle the above-mentioned 

issues. The main goals are to accommodate the large volume change of Si during cycling, facilitate 

the electrochemical reactions by providing quick lithium-ion diffusion pathways, improve the 

electrical conductivity of the system, and to ensure a smooth, thin and a stable formation of SEI. 

There have been various modifications done in the past decade to solve these issues involving the 

synthesis of nanosized silicon and tuning their geometries (0D [6], 1D [10], 2D [41] and 3D [10] 

), designing composite electrodes using complex carbonaceous materials[42–46] to alleviate the 

stress generated and also provide a conductive pathway, coating different materials to counter the 
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stress generated during volume expansion and creating porous electrode structure to accommodate 

the excess room for silicon expansion during lithiation.  

Binders for silicon anodes: 
 

Consequently, attention is increasingly moving beyond the active component of the 

electrode, to optimizing the overall electrode structure. Slowly, researchers have realized the 

potential of binder and have started to probe into their research [47], [48]. In this arena, it is 

becoming clear that the optimization of the binder component is the key to the realization of high 

capacity retention silicon anodes. A binder is a component of the electrode that is used to bond the 

active materials and the conductive additives together on to the current collector during the 

lithiation/de-lithiation process. Binders, though present in minimal amounts in the electrode, plays 

a crucial role in the electrode stability over multiple cycles. The main role of the binder is to 

maintain the physical integrity of the whole electrode system. Especially in silicon-based anodes, 

the binder comprises nearly 10% weight of the composite electrodes and serves multiple functions, 

including maintaining the mechanical integrity of the electrode, suppressing pulverization of 

silicon in the electrode, and preventing the delamination of active material from the copper current 

collector [49], [50]. Therefore, for a binder to be used in a silicon-based anode system for LIBs, 

must possess the following functional roles [11], [51], [52], [53], [54]: 

1) Maintain the mechanical integrity: Bind the particles together with the current collector 

through chemical/mechanical mechanism with a high degree of reversibility upon cycling. 

2) Form homogenous slurry: Form a homogenous slurry mixture enabling better dispersion 

of electrode components in the final electrode structure. 
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3) Weak interactions with electrolyte: Avoid swelling characteristics and alteration in 

mechanical properties when in contact with the electrolyte, thereby prevention additional 

electrolyte degradation. 

4) Binding interaction with electrode components: Provide suitable binding interactions 

with both the active material (silicon) and conductive additive (graphene) forming stable 

electrical pathways. 

5) Electrochemically stable: Must be electrochemically stable in the required 

electrochemical potential window. 

6) Low cost and eco-friendly: Must not cost additional amounts to the battery components, 

must be environmentally benign, and enable facile processing of the electrode. 

Binding Mechanism: It is important to understand the mechanism of a binder before dealing with 

the intricacies in their application. An effective binding process is divided into three  main steps:  

a) Diffusion/penetration step – In this step, the binder wets the substrate surface and penetrates 

through the pores present in the electrode material.  

b) Interlocking step – In this step, the binders harden on the substrate surface through different 

reaction mechanisms leading to the interlocking effect.  

c) Interfacial forces – In this step, the binder interacts with the active material. This interaction 

between the binder and active material decides the binding strength of the composite electrode.  

Fig 1.1 a), b) and c) shows the 3 steps involved in the binding mechanism. 

There are generally 3 different states associated with an active material – binder composite: the 

bonded layer, the fixed layer, and the excess layer of polymer. The excess layer is the free layer of 

the polymer surrounding the fixed layer. The properties of fixed and excess layers are mostly 
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dependent on the intrinsic properties (electrical/ionic conductivity, mechanical properties, 

porosity, etc.) of the polymer. Whereas the bonded polymer layer is the immediate layer 

surrounding the active material and is the reason for the interfacial reactions (supramolecular, 

covalent, etc.) between the polymer and active material. As the layers go far away from the active 

material, their strength decreases. For example, the strength of the fixed layer is higher than that 

of the excess layer due to their interaction with the bonded layer. Fig 1.1 d) shows the polymer 

states in the bonding system. 

 

Fig 1.1 Schematic representation of binding mechanism a) Diffusion, b) Mechanical 

Interlocking, c) Interfacial forces and d) Polymer states in a bonding system 

Binders are polymeric materials with varying properties. The application of binders differs from 

one another based on their adhesion strength, their polymer architecture, and their elasticity. 
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1) Impact of polymer interactions 

It is well known that the role of a binder is to maintain the cohesion of electrode components and 

their adhesion to the current collector during the working of the cell [55]. Therefore, the binder is 

expected to play a pivotal role in maintaining the mechanical stability of the electrodes during 

long-term cycling. The adhesion strength of the polymers is very closely associated with their 

chemical nature. Based on their bond strength and reversibility, they can be classified into 3 

categories: weak supramolecular interactions [53], strong supramolecular interactions [56], and 

covalent interactions [57].  

Each of these three categories responds differently to mechanical stress. Supramolecular 

interactions inherently have a reversible binding nature, but covalent bonds do not. This 

reversibility nature of a bond depends on the strength of supramolecular interactions. For example, 

weak supramolecular interactions involve the van der Waals force that dissociates easily even 

under small stress. The driving force for recovery in these interactions is also weak. On the other 

hand, strong supramolecular interactions involve hydrogen bonding and ion-dipole interactions 

where the bonds are much stronger, and the recovery characteristics are much better than weak 

supramolecular interactions. Lastly, the covalent bonds are those that have high bond strengths but 

does not have the recovery ability and undergoes a plastic rupture. Covalent bonds can form a stiff 

network and suppress detachment of active Si particles, but their inherent irreversible nature 

eventually leads to the failure of the electrode [58]. 
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Fig 1.2  Classification of binders based on the impact of polymer interaction 

2) Impact of polymer architecture 

While the bond strength determines their extent of interactions at each anchoring point between 

the binder and silicon, the polymer architecture affects the adhesion by a different mechanism. The 

effect of polymer architecture demonstrates the mechanism of how mechanical forces exerted 

during charge/discharge can be distributed to the branched chains reducing the stress on the 

anchoring points. Based on their architecture,  polymers can be classified into two types, linear 

and branched-chain polymers. A linear polymer is a one-dimensional (1D) polymer [59] that does 

not have any branching other than the monomer groups. On the other hand, a branched polymer 

has a 3D architecture with branching points connected by other polymers (star, graft, dendrimers, 

etc.) chains [29], [53], [59]. 
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 In Silicon anodes, the role of the polymeric binder is to dissipate the mechanical stress 

caused due to the volume change of Si due to the repeated charge and discharge cycles. Every 

anchoring point has maximum stress it can endure, beyond which it breaks, and adhesion is lost. 

In linear polymers, the anchoring point is a single node which receives the stress directly and 

subsequently detaches under high mechanical strengths. In contrast, for branched-chain polymers, 

the mechanical stress can be distributed to the branched chains through branching points (multiple 

nodes) which substantially reduces the stress applied to each anchoring point (node) [61]. In 

addition to this, the maximum stress each anchoring point can endure is higher as all the polymer 

chains co-operatively resist the force caused by the volume expansion through intrachain cohesion. 

Such multidimensional interactions make them strongly adhesive and immobile on the Silicon 

surface, thereby restraining their movement and extending the cycle life of batteries [62]. 

 

Fig 1.3 Classification of polymers in terms of their architecture 
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3) Elasticity of the binder 

The first attempts made on addressing the poor mechanical stability and irreversible loss in 

capacity mainly focused on improving the elasticity of the polymer binder [63]. This area was 

mainly focused based on the fact that the binder undergoes large strains to accommodate the 

volume expansion of silicon particles. Therefore, the more elastic the binder is better it is to 

accommodate volume changes in the electrodes. 

Over the past few years, research in polymer binders is growing constantly as they can potentially 

address the capacity loss due to cracking by maintaining cohesion between various materials in 

the electrode system. In this section, we would like to describe the various molecular design 

approaches that have been tested to address the instabilities that arise in silicon anodes. 

Classification of binders based on properties: 
 

1. Elastic polymer binders 

One of the earliest approaches to address this poor mechanical stability and irreversible capacity 

loss in silicon anodes focused on the improvement of polymer elasticity. This idea is intuitively 

very attractive as the binder undergoes large strains to accommodate the volume changes in Silicon 

particles. PVDF, the commercial binder used failed miserably in Silicon anodes. Researchers 

improved its elasticity by making a complex binder named poly-vinylidene fluoride–

tetrafluoroethylene–propylene) PVDF-TFE-P [64], [65]. PVDF could only sustain an elongation 

of 10% whereas the complex sustained up to 100% elongation and outperformed PVDF in 

electrochemical tests [54], [66]. Other examples of elastic binders include the use of Styrene-

butadiene (SBR) [67], polyacrylamide [68], [69]. However, after multiple research publications, 

researchers concluded that elasticity may not be the most important factor in the choice of a binder. 

In fact, the polymer adhesion ability is more sought after. For example, stiff networks like CMC 



14 
 

performed better when compared to SBR, etc. Therefore, researchers have often combined an 

elastic binder with a non-elastic binder/stiff network to render characteristics of both the binders 

[44], [56], [70]. A recent study demonstrated the use of Polyacrylic acid (PAA) with Polyrotaxanes 

(PR) together [71]. Here, the molecular rings present in polyrotaxanes mechanically interlocked 

with PAA enabling a highly elastic material that can sustain up to 200% of the strain. This study 

is noteworthy as it demonstrated that elasticity may indeed be a vital design property in 

combination with other polymer binder properties. 

2) Adhesive polymer binders 

Strong adhesion between the binder, silicon, and other electrode components help silicon anodes 

prevent isolation of Si, delamination from the collector, and loss of conductive pathways. Usually 

strong adhesion to silicon particles have been achieved by polymers that contain -COOH, -OH,-

COO and -NH2 groups that bind directly with the Si surface [25], [53], [62]. Several studies 

attributed the success of CMC binder to its strong adhesive nature with Si. CMC is a non-elastic 

polymer that performed way more superior than other elastic alternatives[72]–[75]. Recent studies 

revealed that CMC and Si had hydrogen bonding interactions which rendered better stability and 

cyclic performance. Poly (acrylic) acid (PAA) and lithium substituted PAA (LiPAA) are additional 

examples of strongly adhesive polymer binder materials. Similar to CMC, PAA also showed 

excellent adhesion ability with silicon and also showed excellent capacities[61], [76], [77]. Other 

water-soluble polymers with strong adhesion capability include Poly(vinyl alcohol) (PVA) [78], 

[79] , Catechol polymers [56], Chitosan [80][81], Alginate[51], [82], Nafion[83]–[85] and 

polyacrylamide [86]. All these studies demonstrate that a strong adhesion capability with silicon 

is an important design parameter for producing high capacity stable silicon anodes.  
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3) Self-healing polymer binders  

Self-healing polymer binders have received the most attention in recent times. Several studies have 

implemented these binders, with the hypothesis that the reversibility aspect in self-healing binders 

will be able to accommodate large volume changes in silicon without permanent fracture. Wang 

et.al [56], [87] researched a self-healing polymer binder to form a 3 D network, which could repair 

the damage caused by the silicon during cycling. It has been identified that crosslinking polymers 

is another effective way to prepare a self-healing binder. PAA has been commonly used to yield 

cross-linking self-healing polymer binder. Researchers have used PAA and PVA to prepare a 

waterborne PAA-PVA crosslinked binder for Si anodes [88]. This crosslinked polymer binder 

could effectively restrain the volume change of Silicon anodes during cycling leading to high 

cyclic stability and high efficiencies even at high currents. Thus, PAA binders and neutralized 

PAA binders are worthy to study deeper and could very well become one of the most promising 

candidates for commercial applications.  

In this thesis, efforts have been made to tackle the failure modes associated with silicon-based 

anodes for LIB’s with a special emphasis on the binders and their properties. We hypothesize the 

major failure mode for silicon-based anodes is the very high volume expansion that Silicon 

possesses during charge/discharge. Hence, we have aimed to explore multiple material based 

strategies to combat the volume expansion problem. Additionally, all the material processing 

methods are made in such a way that the whole process is robust, scalable, and environmentally 

friendly for larger single-step manufacturing efforts. 

Air-Controlled Electrospray: 
 

 In this thesis, we use a unique facile mode for coating the anode. Air controlled electrospraying 

is used as the process for designing our electrodes. In electrospraying, the solution injected in the 
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nozzle is subjected to a sufficient voltage source and is drawn out of the jet needle at the desired 

flow rate. This liquid droplets now travel a certain distance and solidifies as it reaches the collector 

to form the desired electrode. Several researchers have used electrospinning to fabricate composite 

silicon anodes owing to its simplicity and environmentally nature of manufacturing [89, 90]. One 

small problem with electrospraying is its time consuming and gives us a lower volumetric energy 

density of the electrode. To counter this, we used Air controlled electrospray, which makes the 

process much faster because of the addition of air pressure and also addresses the problem of 

energy density [91]. The mechanism of air controlled electrospraying is pretty simple. The applied 

voltage source breaks up the solution into small jets of spray in the inner nozzle and these jets are 

further broken into smaller particles by the additional air pressure that drives these particles and 

deposits them on the collector placed at a certain distance. During this process, four factors are 

always modifiable, those are the distances (cm), flowrates (ml/min), pressure (psi), and the voltage 

(kV). Before any of the electrodes are prepared, the spray pattern is checked to make sure the spray 

is homogenous and does not cause any lumping. 
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Fig 1.4  Schematic illustration of Conventional Electrospraying and Air-Assisted electrospraying 

for Silicon-Graphene based anodes 

 

In chapter 1 of this work, the fundamental aspects of the application of silicon anodes in 

Lithium-ion batteries were discussed. The current challenge that Silicon anodes are facing and the 

possible ways to mitigate them were also discussed. Detailed literature revealed that proper design 

and application of binders could emerge as a potential counter to the volume expansion problem. 

Therefore, the properties of binders and characteristics of binders that make them suitable for the 

system were addressed. Finally, we discussed the commonly researched binders for Si anodes and 

the potential binders which could mitigate the problem of volume expansion.  

In chapter 2 of this work, poly(acrylic) acid was used as the binder in a system comprising 

of Silicon nanoparticles and graphene. After the initial literature review, it was evident that 

additional research was needed towards PAA before its application in Si-based anodes. 

Researchers made several attempts to incorporate PAA as the binder, but there has been no 

Electrospray (No air) Air controlled Electrospray  
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research regarding the key properties and optimal molecular weight of the binder. It is well known 

that the molecular weight of the polymer varies the intrinsic properties of the polymer and could 

well render different attributes. Most of the researchers working on PAA as a binder worked in 

low molecular weight ranges (Mw - 90,000 and 450,000). In chapter 2 of the thesis, we aim to 

study the effect of higher molecular weights of PAA (1.25 million and 3 million) and their effect 

in Silicon Graphene composite anodes.  

In chapter 3 of this thesis, a different approach was used to address the same volume 

expansion problem in silicon anodes. Here we decided to study the effect of different sizes of 

silicon nanoparticles and their effect on electrochemical performance.  

The work done in this thesis is of very high relevance to the current industrial problem (volume 

expansion) that we are facing. Both Chapter 2 and Chapter 3 are genuine attempts made to tackle 

the volume expansion problems with a different perspective. 
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CHAPTER 2 : EFFECT OF BINDER MOLECULAR WEIGHT ON 
SILICON ANODES FOR LITHIUM-ION BATTERIES 

 
Introduction: 

Batteries are currently gaining attention increasingly in diverse fields of application, from 

cars to microchips [1], [2]. Batteries are simple conceptually, and yet their development has 

progressed much slower when compared to the progress in other devices. As a result, they still 

form the heaviest, costliest components of any electronic device. This slow progress has hindered 

the deployment of electric vehicles (EV). The current EV market is stalled by the range anxiety 

issue. Range anxiety is the fear that a vehicle has insufficient range to reach its destination thereby 

stranding the vehicle’s occupants [3]. Range anxiety is primarily used in reference to battery 

electric vehicles (BEVs) and is considered to be a major barrier to large scale adoption of electric 

vehicles [4]. The current lithium-ion technology is at its limit and thus there needs to be a 

significant upgrade in terms of volumetric and gravimetric energy density for their application in 

Electric vehicles [5], [6]. In recent times, silicon has emerged as one of the promising candidates 

for electrode materials due to its extremely high theoretical capacity (4200 mAh/g) which almost 

10 times that of commercial graphite anodes (372 mAh/g) [7]–[10]. Additionally, silicon shows 

beneficial intrinsic properties, like low delithiation potential (vs Li/Li+ at 0.4V), and are less likely 

to form dendrites at high current density [11]. Moreover, silicon is the 2nd most abundant material 

on the earth’s crust and is non-toxic making it a much safer choice of electrode material [12]. 

However, silicon undergoes huge volume expansion during charge/discharge because of its 

inherent ability to store a lot of lithium ions (4.4 Li ions per Si atom)[13]. This creates huge stress 

in the electrode and leads to the pulverization of the electrode material.  Pulverization further leads 

to loss of electrical contact among active material contributing to the rapid capacity fading [6]. 

Moreover, the active materials undergo delamination from the electrode surface due to the repeated 
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volume expansion [14]. Additionally, the cracking of Si particles causes the formation of an 

unstable Solid Electrolyte Interphase (SEI) [15]. SEI is a thin passivating layer formed at the 

electrode-electrolyte interphase at low potentials (> 1V). Due to repeated volume changes, the SEI 

layer is broken down over multiple cycles resulting in a thicker passivating film which increases 

the impedance of the cell. All the above-mentioned problems synergistically lead to the rapid 

failure of silicon-based anodes. In addition to the above-mentioned issues, silicon inherently has a 

very low conductivity impeding its use in high power density applications. 

The primary goal to tackle the above issues is to accommodate the large volume change 

during cycling, to facilitate the electrochemical reaction by providing fast Li-ion diffusion 

pathways and to improve the conductivity of the whole system. There have been various 

modifications to solve these issues mostly involving nano silicon and tweaking their geometries 

(0D [16], 1D [17], 2D[18] and 3D [17]), using graphene networks to act as a mechanical buffer 

against volume expansion and creating porous structures to accommodate volume expansion. 

Consequently, attention is moving beyond the active electrode components to the overall electrode 

structure. Researchers are slowly realizing the potential of binder and are optimizing the binder 

component. Binders are a key component, especially in silicon-based anodes to counter the high 

volume expansion by providing mechanical stability to the electrode [19]. For application in Si-

based anodes, a binder must possess the following functional roles[12], [20]: (1) Maintain 

mechanical integrity, (2) Form homogeneous slurry, (3) Weak interactions with electrolyte, (4) 

Good binding capability with electrode components, (5) Must be electrochemically stable, low 

cost and eco-friendly.  

 Currently, Poly(vinylidene difluoride) (PVDF) [21] is the commercially used binder. Its 

application in batteries is mainly owing to its electrochemically stable nature, its binding 
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capability, and its ability to allow facile transportation of Li. However, PVDF uses toxic and 

expensive solvents, and hence there is a slow shift against its use in commercial applications [22], 

[23]. On the other hand, aqueous binders - due to their environmentally benign nature, are gaining 

more attention in this domain. 

The earliest attempts to address the poor mechanical stability and irreversible capacity loss 

in silicon anodes focused on improving the elasticity of the binder [24]. This idea gained a lot of 

attention since it is the binder that endures a large amount of strain in Silicon anodes to 

accommodate volume expansion. Binders like Styrene-butadiene (SBR) [25], polyacrylamide [26] 

gained a lot of attention due to their elastic behavior. After numerous research publications, 

researchers concluded that elasticity may not be the single most important factor to control volume 

expansion [27]. The focus shifted towards binders that can produce a strong adhesion with silicon 

particles [28]. A good adhesion ability between Si and binder prevents the isolation and 

delamination of Si particles from the current collector [29]. Usually, these strong adhesion 

characteristics are exhibited by the binders that contain -COOH, -OH,-COO and -NH2 groups. 

These groups bind directly with the Si surface [30], [31]. Carboxy-methyl cellulose (CMC) [32]–

[36] binds with Si through hydrogen bonding which rendered better stability and performance 

compared to elastic binders. Poly(acrylic) acid (PAA) is also an example of a strongly adhesive 

polymer binder [37]. Researchers reported that these binders form covalent links to siloxy (SiOH) 

groups present at the surface of Silicon dioxide (SiO2) layer around the active Si particles[38]. In 

this way, the Si particles remain linked to the binder thereby maintaining the cohesion despite large 

volume changes. Most of these polymers are commercial polymers developed for other 

applications and there is a gap in understanding of factors that affect the binder characteristics in 

this application. The PAA binders have several advantages like low cost and excellent binding 
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capability in addition to its water-soluble and green nature [33], [39]. However, some of the 

properties of the binders are still not understood. Despite its existence in several molecular weight, 

there is still no conclusive evidence on the optimal molecular weight of PAA for its application in 

battery materials [28]. It is well known that the molecular weight of a polymer is one of the most 

important factors that control their physiochemical properties like, strength [22], stiffness, 

adhesion [28], viscosity, etc. (Example: Fig 2.1 shows a clear difference in viscosities of the 3 

binders just by visualizing the solutions). The development of such binders for application in Si-

based anodes is hindered by the lack of knowledge of their mechanism and its characteristic 

properties. In this chapter of the thesis, we aim to study the effect of molecular weight of 

poly(acrylic)acid - PAA binder using 3 different molecular weights (450,000, 1.25 million, and 3 

million) and its influence on the electrochemical performance of Silicon/Graphene anodes. 

 

Fig 2.1 Visualization of difference in viscosities of 3 binder solutions 

In this thesis, we use an air-controlled electrospray method to facilitate a scalable and an 

economic method of fabricating silicon anodes. Air controlled electrospraying involves the use of 

a voltage source to atomize a liquid solution in the syringe[41]–[43]. These liquid droplets are 
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driven to the collector by air pressure to quicken the process and remove further drying steps. Fig 

2.2 shows the schematic representation of the process. The liquid solution comprising of silicon, 

graphene, and poly(acrylic) acid (PAA) was pumped through the nozzle under the influence of the 

electric field and high air pressure to obtain the desired silicon anode. High extensional forces 

imposed on the droplet by application of electric field and the high-pressure airflow ensures the 

formation of a uniform dispersion of the Si nanoparticles throughout the composite electrode. The 

resulting electrodes are stored in a dry vacuum over for 3 days until further electrode processing. 

Experimental Section: 

Preparation of electrospraying solution: 
 

Preparation of Silicon/Graphene/450k PAA composite via Air-controlled Electrospray: 

Initially, 0.4g of 450k poly(acrylic) acid (PAA, Sigma Aldrich) was dissolved in 10g of water and 

this mixture was left for stirring overnight. To a separate vial, 0.15g of Si (US Research 

Nanomaterials c.a. 30-70nm) was added to 3.6g of water and was stirred for 10 minutes. To this 

mixture, about 0.65g of the prepared PAA solution (4% wt) was added and was allowed to stir 

under room temperature for 4 hours. This mixture is then sonicated for 30 minutes and 2.7g of 

Graphene dispersion in water (5% wt, ACS) was added. This mixture was further allowed to stir 

for 4 hours and sonicated for 30 minutes. Then another 0.65g of PAA solution is added to the 

mixture and .allowed to stir for 30 minutes. The solution was then pumped from the syringe at a 

flow rate of 0.05ml/minute and sprayed on to a copper disk that was placed at a distance of 20cm 

away from the tip of the nozzle. To achieve good atomization of droplets and proper dispersion of 

the solution, a voltage of 20kV was supplied to the outer nozzle by the power supply in addition 

to the air pressure (25 psi) supplied through the inner nozzle. The resulting droplets from the spray 
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form a uniform dry layer of active material on the surface of the copper disk. This electrode was 

dried in a vacuum oven for 3 days before testing them in coin cells. 

Preparation of Silicon/Graphene/1.25mil PAA composite via Air-controlled Electrospray: 

 

Initially, 0.2g of 1.25million poly(acrylic) acid (PAA, Sigma Aldrich) was dissolved in 10g of 

water and this mixture was left for stirring overnight. To a separate vial, 0.2g of Si (US Research 

Nanomaterials c.a. 30-70nm) was added to 3.7g of water and was stirred for 10 minutes. To this 

mixture, about 1.6g of the prepared PAA solution (2% wt) was added and was allowed to stir under 

room temperature for 4 hours. This mixture is then sonicated for 30 minutes and 4.8g of Graphene 

dispersion in water (5% wt, ACS) was added. This mixture was further allowed to stir for 4 hours 

and sonicated for 30 minutes. Then another 1.6g of PAA solution is added to the mixture and 

allowed to stir for 30 minutes. The solution was then pumped from the syringe at a flow rate of 

0.35ml/minute and sprayed on to a copper disk that was placed at a distance of 22cm away from 

the tip of the nozzle. To achieve good atomization of droplets and proper dispersion of the solution, 

a voltage of 25kV was supplied to the outer nozzle by the power supply in addition to the air 

pressure (25 psi) supplied through the inner nozzle. The resulting droplets from the spray form a 

uniform dry layer of active material on the surface of the copper disk. This electrode was dried in 

a vacuum oven for 3 days before testing them in coin cells. 

Preparation of Silicon/Graphene/3 mil PAA composite via Air-controlled Electrospray: 

Initially, 0.1g of 3 million poly(acrylic) acid (PAA, Sigma Aldrich) was dissolved in 10g of water 

and this mixture was left for stirring overnight. To a separate vial, 0.2g of Si (US Research 

Nanomaterials c.a. 30-70nm) was added to 1.5g of water and was stirred for 10 minutes. To this 

mixture, about 2.5g of the prepared PAA solution (1% wt) was added and was allowed to stir under  
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Fig 2.2: Schematic representation of electrode fabrication 

room temperature for 4 hours. This mixture is then sonicated for 30 minutes and 3.4g of Graphene 

dispersion in water (5% wt, ACS) was added. This mixture was further allowed to stir for 4 hours 

and sonicated for 30 minutes. Then another 2.5g of PAA solution is added to the mixture and 

allowed to stir for 30 minutes. The solution was then pumped from the syringe at a flow rate of 

0.25ml/minute and sprayed on to a copper disk that was placed at a distance of 25cm away from 

the tip of the nozzle. To achieve good atomization of droplets and proper dispersion of the solution, 

a voltage of 25kV was supplied to the outer nozzle by the power supply in addition to the air 

pressure (30 psi) supplied through the inner nozzle. The resulting droplets from the spray form a 

uniform dry layer of active material on the surface of the copper disk. This electrode was dried in 

a vacuum oven for 3 days before testing them in coin cells. 

Coin cell structure 

3 days 

Drying 
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Material characterization of electrodes: The prepared composite electrodes were characterized 

by using Scanning Electron Microscope (SEM, Zeiss Gemini, and Tescan Mira-3) and Energy 

Dispersive Spectroscopy (Tescan Mira-3) to assess the morphology and component distribution of 

the electrode. Thermogravimetric analysis (TGA, TA instruments Q500) was used to characterize 

the composition (%) of the electrode. Thermogravimetric analysis was carried out over a 

temperature range from 20°C to 800°C at a ramp rate of 10°C/minute. Nitrogen and air flows are 

maintained at the flow rate of 40ml/min and 60ml/min, respectively.  

Characterization of the polymer binder: The polymer binder strengths were analyzed using 

Dynamic Mechanical Analysis (DMA) (TA Instruments DMA Q800). Dynamical mechanical 

analysis (DMA) is the technique of applying a stress/strain to material and analyzing its response 

to the given stress. The polymer binder solutions were dropped cast into a mold and allowed to dry 

at room temperature. These films were then cut into the specified dimensions (15 x 3 x 0.1 mm). 

The cut films are then loaded into the two shafts of the DMA tool. A preload of 0.05N and a ramp 

rate of 0.5N/min were used to analyze the stress-strain curve of the polymer binders. 

Battery fabrication and electrochemical measurements of Si/Graphene/PAA electrodes: 
 

2032 type coin cells were made using the electrospray Silicon composite disks as the anode and 

lithium metal disc (MTI)  was used as the counter electrode. A polythene material (Celgard) was 

used as the separator to test the performance of these half cells. A 1M LiPF6 salt in ethylene 

carbonate, diethyl carbonate, and dimethyl carbonate in the ratio of 4:4:2 with 10% fluoroethylene 

carbonate were used as solvents inside half cells. All the capacities reported in this chapter were 

normalized by the total mass of active material (Silicon, Graphene, PAA) on the copper disk. 

Electrochemical properties of the cells were characterized by electrochemical impedance 
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spectroscopy (PARASAT 4000, Princeton Applied Research) and galvanostatic charge and 

discharge cycles (MTI). A voltage window of 0.01-1.5V Vs Li/Li+ was applied to the half cells.  

Results and discussion: 

Characterization of Silicon-Graphene-PAA nanocomposite:   

The air-controlled electrospraying process forms a dense coating with a uniform distribution of 

Silicon-Graphene and the binder (PAA) on the copper surface. The electrodes dry as soon as the 

droplets come into contact with the copper disk without additional drying steps. Graphene sheets 

act as conductive agents in our composite system improving the interconnectivity between the 

active materials in the electrode.  

                 Fig 2.3: Thermogravimetric analysis (TGA) comparison of 3 binder systems 

To compare different binder materials, it is essential to ensure all electrodes had the same 

composition of Silicon, Graphene, and PAA (60:20:20). Hence, they were subjected to 

thermogravimetric analysis (TGA). Fig 2.3 shows the comparison of TGA analysis for 450k, 

1.25mil, and 3mil poly(acrylic) acid (PAA) with Silicon-Graphene composite. Fig 2.3  all the three 

20% PAA 

20% Graphene 

60% Silicon 
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mixtures have a similar composition (60% Silicon, 20% Graphene, 20% PAA binder), thereby 

making a valid electrochemical comparison. 

The morphology of the electrodes containing each binder was visualized using Scanning Electron 

Microscopy (SEM). Fig 2.4 a), b) and c) show the top view of electrodes containing 450k, 1.25 

mil, and 3mil PAA binder along with Si-Graphene composite, respectively. All images are taken 

at a magnification of 20μm to make a valid comparison. It is apparent from the morphology images 

in Fig 2.4 that the binder molecular weight changes the morphology of the electrode. The 

morphological changes in the electrode show clear evidence that an increase in the molecular 

weight of the binder increases the aggregation of active materials. Fig 2.4 b) and c) (1.25 million 

and 3 million Mw PAA) show a significant aggregation when compared to that of Fig 2.4 a) (450k 

PAA). The morphology of these electrodes was observed at higher magnification (1 μm) to give a 

much clearer picture. Fig 2.5 a), b) and c) shows the higher magnification SEM images of Si-

Graphene-Binder composite electrodes with different molecular weight binders. 450k PAA (Fig 

2.5 a), shows an even distribution of Silicon and Graphene in the electrode. 1.25 million PAA (Fig 

2.5 b), shows the uneven distribution of Si and Graphene, whereas 3 million PAA (Fig 2.5 c), 

shows clusters of Si particles with very high aggregation with very less graphene presence.  This 

confirms the significant increase in aggregation as the molecular weight increases. This increased 

aggregation of active material in the electrodes could cause significant issues during the 

electrochemical cycling of the anodes. 

Fig 2.6, 2.7, 2.8 shows the elemental distribution of Silicon, Graphene, and PAA through Energy 

Dispersive Spectroscopy (EDS). The images show the distribution of Si, C, and O corresponding 

to Silicon, Graphene, and poly(acrylic) acid. The images support our previous evidence exhibiting 

aggregation nature as the molecular weight of the polymer increases.  
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Fig 2.4 Low magnification (20 μm) SEM images of Si-Graphene-Binder electrode 

a) 450k PAA b) 1.25million PAA c) 3million PAA 

 

 

20 μm 20 μm 

20 μm 

a) b) 

c) 
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Fig 2.5 High magnification (1 μm) SEM images of Si-Graphene-Binder electrode 

a) 450k PAA b) 1.25million PAA c) 3million PAA 

 

 

 

1 μm 
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a) b) 

c) 
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Fig 2.6 Energy Dispersive Spectroscopy (EDS) - Elemental mapping of electrode components of 

450k PAA binder system showing the uniform distribution of electrode components 

 

 

Fig 2.7 Energy Dispersive Spectroscopy (EDS) - Elemental mapping of electrode components of  

1.25 mil PAA binder system showing the uneven distribution of electrode components 
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Fig 2.8 Energy Dispersive Spectroscopy (EDS) - Elemental mapping of electrode components of 

3 mil PAA binder system showing aggregation of Silicon among the electrode components 

  

Characterization of the polymer binder: 
 

To understand the properties of the binder for the application in our anodes, an evaluation of the 

strength of the polymers was performed using Dynamical mechanical analysis (DMA). Polymer 

strips were mold and cut into specific dimensions (15 x 3 x 0.1 mm) and subjected to stress using 

a moving drive shaft. Based on their strengths, each polymer will have different fracture stress.  

DMA analysis was performed on polymer films of different Mw (450k, 1.25 mil, and 3 mil) PAA 

to test their difference in strengths. DMA results revealed that the polymer with a higher molecular 

weight had a better strength. Fig 2.9 shows the comparison of the stress-strain curve for the 3 

different molecular weights of binders used in this system. The polymer with the high molecular 

weight (3mil) endures more stress and undergoes higher strain % when compared to the remaining 

two binders (450k and 1.25mil). 
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Fig 2.9 Comparison of strengths of binders using Dynamical Mechanical Analysis (DMA) 

 

Table 2.1 Comparison of DMA results for the different molecular weight of PAA 

DYNAMICAL MECHANICAL ANALYSIS 

BINDER STRESS (MPa) STRAIN (%) 

450k PAA 26 1.85 

1.25 mil PAA 31 2.0 

3 mil PAA 37 3.5 

 

From Table 2.1, it is evident that there is an increasing trend in the values of stress and strain with 

increasing molecular weight of the polymer. Higher molecular weight polymer increases the 

impact resistance of the material. Also, a higher molecular weight indicates the presence of 

increased chain entanglement. Therefore, to rupture, a higher number of polymer bonds need to be 

broken, and hence the higher molecular weight polymer can endure/absorb more stress/energy 
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before failing. Hence, we hypothesize that during the cycling of the electrode, the binder with 

higher molecular weight can endure more stress caused by Si during volume expansion and will 

have better capacity retention than lower molecular weights polymers (450k and 1.25 mil). 

Electrochemical characterization of Silicon-Graphene-PAA nanocomposite electrode: 
 

The electrodes fabricated in electrospraying were assembled in a 2032 coin-type half cells 

configuration (shown in Fig 2.2) and were galvanostatically charged and discharged for multiple 

cycles. Each of these cells was lithiated to a voltage of 1.5V and de-lithiated to a voltage of 0.01V 

and was made to undergo 5 formation cycles at 0.1C and then were allowed to undergo cycling for 

200 cycles post-formation. 

Fig 2.10 shows the comparison of capacity-voltage profile for the 3 different molecular weight 

binders used in the system. All the 3 cases show a very similar profile with a small plateau around 

0.8V indicating the formation of SEI and then a larger plateau around 0.25V indicating Li insertion 

reactions with Si. The 1st cycle delithiation capacity for Si/Gr/450k PAA was 1580 mAh/g while 

that for Si/Gr/1.25mil PAA was 1330 mAh/g and for Si/Gr/3mil PAA was 1240 mAh/g. The trend 

was observable, as the molecular weight of the polymer binder increases, the specific capacity 

reduces. The utilization of silicon is lesser when the molecular weight of the polymer binder 

increases. The lesser Si is utilized, the lower the capacity of the anode system. This loss in the 

utilization of Si can be attributed to the formation of aggregates that were visible in the 

morphological visualization through SEM (Fig 2.4 and Fig 2.5). The 1st cycle coulombic efficiency 

for 450k, 1.25mil, and 3mil PAA binder systems are 85%, 72%, and 70% respectively (Table 2.2). 

This decrease in coulombic efficiency is due to the presence of excess silicon on the surface of the 

electrode visualized through– EDS (Fig 2.8). Additional reaction sites on the surface of Si cause 

the excess formation of SEI leading to a loss in ICE. 
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Fig 2.10 Comparison of formation cycles of PAA with 3 different molecular weights 

 

Table 2.2 Comparison of formation cycle of PAA with 3 different molecular weights  

FORMATION CYCLE – PAA BINDER COMPARISON 

Binder 450k 1.25mil 3mil 

Charge Capacity (mAh/g) 1577 1328 1239 

Discharge Capacity (mAh/g) 1847 1554 1503 

Initial Coulombic Efficiency (%) 85.5 84 82 

Si Utilization (%) 85 72 70 

 

To confirm the effect of aggregation on the capacity of the electrodes,  binder solutions with 

different concentrations were prepared. Two different concentrations of each polymer binder were 
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tested to determine if the concentration of binder affected the electrochemical performance. In our 

tests, we used two solutions of 1.25 million PAA, 2% and 1% by wt. and two solutions of 3 million 

PAA 1% and 0.75% by wt. A similar electrospraying method was used to fabricate the anode and 

the cells were tested under similar electrochemical conditions. From Fig 2.11, it is seen that 2% 

wt. (1.25 mil) the solution has a lower capacity when compared to that of 1% wt. (1.25 mil) 

solution. The binder concentration has a significant effect on the solution characteristics which in 

turn affect them electrochemically. The higher concentration of the binder makes the electrode 

slurry thicker thereby causing chunks of electrode material formed during electrospraying. This 

further leads to a significant loss in capacity. A similar trend is observed in the comparison of 3 

million PAA confirming the effect. 

 

Fig 2.11 Comparison of formation cycle of 1.25 mil PAA with a different binder concentration 
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Fig 2.12 Comparison of formation cycle of 3 mil PAA with a different binder concentration 

Table 2.3 Comparison of formation cycle of PAA with different concentrations 

 

COMPARISON OF FORMATION CYCLES WITH DIFFERENT CONCENTRATIONS 

Binder used 1.25 million 3 million 

Binder concentration 1% 2% 0.75% 1% 

Charge Capacity (mAh/g) 1520 1328 1374 1239 

Discharge Capacity (mAh/g) 1836 1554 1627 1503 

Initial Coulombic Efficiency (%) 83 84 82 83 

Si Utilization (%) 85 72 75 70 

 

The cyclic performance of the 3 binder systems is represented in Fig 2.13. The cells are all cycled 

at 0.3C for 200 cycles. The 450k binder starts at a higher capacity of 1560mAh/g, whereas the 



47 
 

1.25mil PAA starts at a discharge capacity of 1430 mAh/g, and 3 mil PAA begins at a discharge 

capacity of 1360 mAh/g. As discussed earlier, this decrease in discharge capacities can be 

associated with the aggregation issues caused by higher molecular weight binders. Higher 

molecular weight binders are more viscous when dissolved in a solution and are harder to disperse 

too. However, the retention capabilities are much better for higher molecular weight binders when 

compared to the lower molecular weight ones. After 200 cycles, 3 mil PAA binder system retains 

nearly 62% of its original capacity whereas for 1.25mil PAA the capacity retention is 57% and for 

450k PAA the capacity retention is just 46%. Higher molecular weight PAA binder endures more 

stress during lithiation/de-lithiation and thereby performs better during long term cycling with a 

capacity retention of 62%. Fig 2.13 shows the comparison of capacity retention curves of the three 

polymer binder systems. 

 

Fig 2.13 Comparison of cycle retention profile of PAA with 3 different molecular weights  
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The results obtained in cycling are coherent to the results obtained in DMA. In DMA, the polymer 

with the higher molecular weight endured more stress. Similarly, here the 3 mil PAA endured more 

stress when compared to the other PAA’s. Higher molecular weight polymer increases the impact 

resistance of the material and has increased chain entanglement. Therefore, to rupture, a higher 

number of polymer bonds need to be broken, and hence the higher molecular weight polymer 

endures more stress before failing. 

Fig 2.14 Comparison of  Nyquist plots of systems containing 3 different molecular weights of 

Poly (acrylic) acid before formation  

Figure 2.14 shows the electrochemical impedance spectroscopy for systems containing 3 different 

molecular weights of PAA.  As seen in the figure 2.14 the charge transfer resistance (Rct) for binder 

that have low molecular weight is lesser to that of the charge transfer resistance of higher molecular 

weight polymer binders. Generally, lithium ion transport in polymers progresses through chain 
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hopping. Lower molecular weight binders have smaller chains and hence, lithium ion transport is 

easier in the case of 450k PAA. Larger molecular weight polymers have much larger chains that 

makes the transport of lithium ion difficult thereby increasing the charge transfer resistance. 

                Fig 2.15 Rate capabilities of system involving 3 different molecular weight of PAA 

Fig 2.15 shows the rate capability comparison of the 3 systems involving different molecular 

weight of binders. Results show that 450k PAA binder shows a significant difference in capacity 

at low charge rates (0.1C, 0.2C and 0.5C). Even at high charge rates, systems containing binders 

with lesser molecular weight outperforms the one with a higher molecular weight. This is due to 

the poor transport of Li ions observed in higher molecular weight binders. The uneven distribution 

of electrode components observed in the electrode morphology (Fig 2.4(c)) deters the rate at which 

Li ions are transported. Hence, systems involving polymers having lesser molecular weight 

outperforms those with higher molecular weight.  
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Fig 2.16 Four point probe resistivity measurements of systems involving 3 different molecular 

weights of PAA binder 

 

Results from four-point probe measurements (Fig 2.16) show that electrodes containing lower 

molecular weight binder have lesser electrical resistivity. This is synonymous with the results 

obtained in rate capability and EIS. Binders having lower molecular weight show even distribution 

of electrode components in EDS (Fig 2.6) depicting good system interconnectivity thereby 

improving transport properties. Whereas systems involving higher molecular weight binders show 

an uneven distribution of electrode components in EDS (Fig 2.7 and 2.8) exposing more Si on the 

surface that contributes to its increased system resistance.  
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Conclusion: 
 

In summary, this study presents a facile scalable fabrication method of silicon-graphene-PAA 

complex anodes via air-controlled electrospraying. A thin coating of the electrode material 

comprising of SiNPs/PAA/Graphene was obtained by directly spraying the active material slurry 

with the application of high air pressure and voltage. Utilization of PAA, an aqueous binder  

eliminated the use of toxic solvents.  Different molecular weights (450k, 1.25mil, and 3mil) of 

PAA binders were characterized and their properties were analyzed. The resulting electrodes from 

the electrospraying showed a significant difference in morphologies (SEM and EDS) with the 

higher molecular PAA binder (3mil) forming aggregates of silicon. The formation cycles showed 

a drop in the capacity as the molecular weight of the binder increases. Combining the 

morphological and the electrochemical results, it is evident that aggregation caused by the 

increased viscosity in higher molecular weight binder deters the capacity of these electrodes. 

Dynamical mechanical analysis (DMA) showed that polymers having higher molecular weight 

endure more stress. Results from cycling showed high capacity retention (62%) for PAA with 

higher molecular weight, thus analogous to the results from DMA. However, results from 

electrochemical impedance and rate capability, show a drastic difference in the performance of the 

system. Electrodes involving lower molecular weight binders perform better at high charge rates 

and have less charge transfer resistance. Therefore, binders with higher molecular weight have 

high capacity retention but have dispersion issues that affect their electrochemical performance. 

Hence, if the dispersion issues (aggregation) are taken care off and the system interconnectivity is 

improved, the application of high molecular weight binders would provide to be a valuable asset 

in containing the volume expansion of Silicon in Si-based anodes for lithium-ion batteries.  
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CHAPTER 3 : SILICON GRAPHENE ANODES WITH ELECTRODE 
MODIFICATIONS FOR LITHIUM ION BATTERIES 

 

Introduction: 
 

The demand for high-energy-density lithium (Li) ion batteries (LIBs) is growing 

tremendously since their applications have been extended beyond electronics (mobiles, laptops, 

etc.) to long-driving-electric vehicles/battery electric vehicles (BEVs) and even for large-scale 

storage of renewable energy in smart grids [1], [2]. Although rechargeable LIBs have penetrated 

through multiple consumer markets, their energy densities with the conventional electrode 

materials are close to saturation; graphite anodes can store only 1 Li-ion per 6 C atoms (LiC6) 

giving a gravimetric capacity of only 372 mAh/g [3]. To increase the capacity further, various 

anode materials capable of storing more lithium ions per unit mass have been explored. Among 

the different chemistries explored, the alloying chemistry involving Silicon anodes has gained the 

most attention[4]. In recent years there has been a surge in the number of publications and research 

patents involving Si-based anodes for lithium-ion batteries. Silicon has a very high theoretical 

capacity of 4200 mAh/g, which more than 10 times that of graphite anodes[2]. Si has a relatively 

low discharge potential of 0.4V vs Li/Li+ making it very advantageous. Moreover, Si is the 2nd 

most abundant material on the earth’s crust and is environmentally benign. Furthermore, due to 

the rapid growth of the semiconductor industry, the cost of Si and the growth of its supply chain 

has made them a more prominent choice anode material to replace graphite material [5]. Despite 

all the aforementioned advantages, Si has two main challenges that have hindered its wide 

applications in Si-based anodes. Firstly, the volume inflation; the volume expansion of Silicon 

during charging/discharging is about 320% irrespective of the particle size, 

morphology/crystallinity[6]. A large amount of stress and strain are induced due to the rapid 
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volume changes. These stresses create cracking of active materials thereby exposing fresh surfaces 

of Si to the electrolyte and also causes delamination of Si particles from the electrode surface. 

Secondly, an unstable solid-electrolyte interphase (SEI) layer is formed on silicon anodes during 

electrochemical cycling [7]. SEI is a thin passivating layer formed at the electrode-electrolyte 

interface at low potentials (> 1V).  The SEI layer grows continuously whenever a fresh surface of 

Si is exposed due to cracking. The SEI on a silicon anode could grow to a thickness of several 

micrometers after few cycles, therefore forming a thick passivating film increasing the impedance 

of the cell. Especially in full cells where there is no infinite support of Li, the continuous growth 

of unstable SEI rapidly consumes the limited lithium and electrolyte, leading to a fast capacity 

decay. In addition to this volume expansion issue, Si in general has very low intrinsic electrical 

conductivity. Together, all the above-mentioned problems hinder the application of Si in Li ion 

based anodes [2], [8]. Researchers have looked at various strategies to mitigate these issues. One 

of our lab members Yash Joshi, incorporated a porous electrode structure to control the volume 

expansion in Si anodes. He engineered the electrodes in such a way that the pore space created by 

the burn off of the binder accommodates the volume expansion of Silicon. Here in, we will see 

additional strategies like size control and electrode modifications (calendaring and graphene 

coating) to mitigate the above mentioned issues. 

Effect of Silicon particle on electrochemical performance of Si based anodes: 

To overcome the volume expansion issues, several approaches have been proposed. In 

recent times, the application of nanotechnology has greatly encouraged the practicality of Si-based 

anodes. The electrochemical performance of Si can be greatly enhanced by decreasing the particle 

size of Si particles from micro to nanoscale [9]. Nanoscale materials have proven to alleviate the 

volume expansion issue better relative to that of microparticles. Kim et al. and a few other 
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researchers investigated the critical size of nanosized Si below which cracking does not occur [10], 

[11]. Several studies have shown electrochemical enhancements using nanoscale silicon, but the 

commercialization of nanosized Si is very challenging. Some disadvantages accompanied while 

using nanoscale Si are severe aggregation of Si nanoparticles causing inhomogeneity in slurry 

resulting in inferior cycling [12], [13]. Secondly, the high specific area in nanoparticles causes 

massive side reactions leading to more SEI formation and thereby causing lower coulombic 

efficiencies [9], [14]. Therefore, researchers have proposed various structural designs and 

modifications of Si nanomaterials involving modifications in their geometries. Some of the 

commonly performed modifications on Si NPs include having a core-shell solid structure [15], a 

hollow core-shell, a yolk-shell [6], porous structure, use of nanowires [16] / nanotubes [17], and 

nanofibers [18].  Recently, there is a surge in the application of carbon-based materials in Si-based 

anodes. Specifically, Graphene, a 2D carbon material has gained increased interest [19]. Graphene 

possesses many exceptional properties, like high specific surface area, high electrical conductivity, 

high strength, and flexibility. Graphene has been explored in Si-based hybrid anodes. Many 

researchers have successfully used graphene-modified Si hybrid anodes for LIBs [20]. These 

hybrid electrodes were designed and engineered in several different ways like dispersing Si NPs 

between graphene sheets, graphene encapsulated Si NPs. These systems yielded better coulombic 

efficiency and also were more stable during cycling when compared to bare Si NP anodes  [21], 

[22]. Graphene oxides and reduced graphene oxides were also used as supporting carbon materials 

along with Si. Since graphene is commercially viable, its derivates such as graphene oxide should 

possess low cost, good quality, and stability [23], [24]. Therefore, the commercialization of 

graphene-modified silicon anodes hybrids is mainly subject to the scale-up of graphene. 
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 Although various geometries and modifications have been studied, there is no apparent 

trend or rule that help researchers to design Si nanostructured electrodes that achieve stable 

electrochemical performance. Kim et.al [25] observed that Si particles with a size less than 150nm 

(critical size) did not crack under electrochemical cycling. He observed a strong dependence of Si 

particle fracture with that of Si particle size. Si particles larger than 150 nm generally tend to crack 

into pieces during cycling and some of these cracked pieces detached from the conductor and 

stopped participating in an electrochemical reaction resulting in faster deterioration of capacity. 

Despite multiple research publications,  there is still no agreed consensus for the optimal particle 

size. In this thesis, we aim to study the effect of nanoparticle size on the electrochemical 

performance of a silicon-graphene-PAA system. Poly(acrylic) acid – (PAA) has been used in this 

system owing to its strong adhesive nature. Researchers have reported that PAA binder forms a 

covalent link with Silicon dioxide (SiO2) layer around the Si particles [26], [27]. This way, Si 

particles remain linked to the binder despite large volume changes.     

 In this chapter of the thesis, we aim to study the effect of silicon particle size on 

electrosprayed silicon-graphene-PAA complex anodes. So far most of the research work relating 

to the size effect of silicon in Li-ion anodes has been a comparison of micro versus nanoscale. In 

this chapter, we aim to analyze the effect of particle size of Silicon in the nanoscale regime. Three 

different silicon nanoparticles of varying sizes (20nm, 40nm, and 50nm) were studied to 

understand the effect of Si particle size on the electrochemical performance of silicon anodes. We 

will be using S1, S2, S3 to denote 50nm, 40nm, and 20nm sizes, respectively. 

In this thesis, we use a facile air-controlled electrospray [28] method to facilitate a scalable 

and an economic method of fabricating silicon anodes. Air controlled electrospraying involves the 

use of a voltage source to atomize a liquid solution in the syringe. These liquid droplets are driven 



61 
 

to the collector by air pressure to quicken the process and remove further drying steps. Fig 1.4 

shows the schematic representation of the process. The liquid solution comprising of silicon 

(20nm, 40nm, and 50nm), graphene, and poly(acrylic) acid (PAA) were pumped through the 

nozzle under the influence of electric field and high air pressure to obtain the desired silicon anode. 

High extensional forces imposed on the droplet by application of electric field and the high-

pressure airflow ensures the formation of a uniform dispersion of the Si nanoparticles throughout 

the composite electrode. The resulting electrodes are stored in a dry vacuum over for 3 days until 

further electrode processing. 

Experimental Section: 

Preparation of Electrospraying solution:  

Preparation of S1 /Graphene /1.25 mil PAA composite via Air-controlled Electrospray: 

Initially, 0.2g of 1.25million poly(acrylic) acid (PAA, Sigma Aldrich) was dissolved in 10g of 

water and this mixture was left for stirring overnight. To a separate vial, 0.2g of Silicon – S1 was 

added to 3.7g of water and was stirred for 10 minutes. To this mixture, about 1.6g of the prepared 

PAA solution (2% wt) was added and was allowed to stir under room temperature for 4 hours. 

This mixture is then sonicated for 30 minutes and 4.8g of Graphene dispersion in water (5% wt, 

ACS) was added. This mixture was further allowed to stir for 4 hours and sonicated for 30 minutes. 

Then another 1.6g of PAA solution is added to the mixture and allowed to stir for 30 minutes. The 

solution was then pumped from the syringe at a flow rate of 0.35ml/minute and sprayed on to a 

copper disk that was placed at a distance of 22cm away from the tip of the nozzle. To achieve good 

atomization of droplets and proper dispersion of the solution, a voltage of 25kV was supplied to 

the outer nozzle by the power supply in addition to the air pressure (25 psi) supplied through the 

inner nozzle. The resulting droplets from the spray form a uniform dry layer of active material on 
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the surface of the copper disk. This electrode was dried in a vacuum oven for 3 days before testing 

them in coin cells. 

Preparation of S2 /Graphene /1.25 mil PAA composite via Air-controlled Electrospray: 

Initially, 0.2g of 1.25million poly(acrylic) acid (PAA, Sigma Aldrich) was dissolved in 10g of 

water and this mixture was left for stirring overnight. To a separate vial, 0.2g of Silicon – S2 was 

added to 3g of water and was stirred for 10 minutes. To this mixture, about 1.2g of the prepared 

PAA solution (2% wt) was added and was allowed to stir under room temperature for 4 hours. 

This mixture is then sonicated for 30 minutes and 5g of Graphene dispersion in water (5% wt, 

ACS) was added. This mixture was further allowed to stir for 4 hours and sonicated for 30 minutes. 

Then another 1.2g of PAA solution is added to the mixture and allowed to stir for 30 minutes. The 

solution was then pumped from the syringe at a flow rate of 0.35ml/minute and sprayed on to a 

copper disk that was placed at a distance of 20cm away from the tip of the nozzle. To achieve good 

atomization of droplets and proper dispersion of the solution, a voltage of 25kV was supplied to 

the outer nozzle by the power supply in addition to the air pressure (25 psi) supplied through the 

inner nozzle. The resulting droplets from the spray form a uniform dry layer of active material on 

the surface of the copper disk. This electrode was dried in a vacuum oven for 3 days before testing 

them in coin cells. 

Preparation of S3 /Graphene /1.25 mil PAA composite via Air-controlled Electrospray: 

Initially, 0.2g of 1.25million poly(acrylic) acid (PAA, Sigma Aldrich) was dissolved in 10g of 

water and this mixture was left for stirring overnight. To a separate vial, 0.2g of Silicon – S2 was 

added to 4g of water and was stirred for 10 minutes. To this mixture, about 1.6g of the prepared 

PAA solution (2% wt) was added and was allowed to stir under room temperature for 4 hours. 

This mixture is then sonicated for 30 minutes and 4g of Graphene dispersion in water (5% wt, 



63 
 

ACS) was added. This mixture was further allowed to stir for 4 hours and sonicated for 30 minutes. 

Then another 1.g of PAA so6lution is added to the mixture and allowed to stir for 30 minutes. The 

solution was then pumped from the syringe at a flow rate of 0.3ml/minute and sprayed on to a 

copper disk that was placed at a distance of 25cm away from the tip of the nozzle. To achieve good 

atomization of droplets and proper dispersion of the solution, a voltage of 25kV was supplied to 

the outer nozzle by the power supply in addition to the air pressure (30 psi) supplied through the 

inner nozzle. The resulting droplets from the spray form a uniform dry layer of active material on 

the surface of the copper disk. This electrode was dried in a vacuum oven for 3 days before testing. 

Material characterization of electrodes: The prepared composite electrodes were characterized 

by using Scanning Electron Microscope (SEM, Zeiss Gemini, and Tescan Mira-3) and Energy 

Dispersive Spectroscopy (Tescan Mira-3) to assess the morphology of the electrode. 

Thermogravimetric analysis (TGA, TA instruments Q500) was used to characterize the 

composition of the electrode. Thermogravimetric analysis was carried out over a temperature range 

from 20°C to 800°C at a ramp rate of 10°C/minute. Nitrogen and air flows are maintained at the 

flow rate of 40ml/min and 60ml/min, respectively. 

Electrical characterization of electrode:  Four-point probe was used to analyze the electrical 

characteristics of the composite electrode film. A four-point probe is a simple apparatus used to 

measure sheet resistance and bulk (volume) resistivity of materials primarily for semiconductors. 

The Cascade four-point probe is connected to a Keithley 2400 Source-Meter which is designed for 

single resistance measurements by sourcing current (50 nA to 1.05 A) and measuring respective 

voltages (1 µV to 211 V). The probe operates within specifications when the measured voltage is 

~5 mV or greater, an appropriate current should be sourced to reach this level. To measure the 
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resistivity of our samples, we coat (air-assisted electrospraying) our samples as composite films 

on top of our substrate (silicon wafer).  

Battery fabrication and electrochemical measurements electrodes: 
 

2032 type coin cells were made using the electrosprayed Silicon composite disks as the anode and 

lithium metal disc (MTI)  was used as the counter electrode. A polythene material (Celgard) was 

used as the separator to test the performance of these half cells. A 1M LiPF6 salt in ethylene 

carbonate, diethyl carbonate, and dimethyl carbonate in the ratio of 4:4:2 with 10% fluoroethylene 

carbonate were used as solvents inside half cells. All the capacities reported in this chapter were 

normalized by the total mass of active material (Silicon, Graphene, PAA) on the copper disk. 

Electrochemical properties of the cells were characterized by electrochemical impedance 

spectroscopy (PARASAT 4000, Princeton Applied Research) and galvanostatic charge and 

discharge cycles (MTI). A voltage window of 0.01-1.5V Vs Li/Li+ were applied to the half cells 

 

 

 

 

 

 

 

Fig 3.1: Schematic representation of electrode fabrication 

Coin cell structure 

3 days 

Drying 
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Results and discussion:  

Characterization of Silicon-Graphene-PAA nanocomposite: 

The air-controlled electrospraying process forms a dense coating with a uniform distribution of 

Silicon (S1, S2, and S3) -Graphene and PAA on the copper surface. The electrodes dry as soon as 

the droplets come into contact with the copper disk without additional drying steps. Graphene 

sheets act as conductive agents in our composite system improving the interconnectivity between 

the active materials in the electrode. To ensure all electrodes had the exact composition of Silicon, 

Graphene, and PAA, they were subjected to thermogravimetric analysis (TGA). Fig 3.1 shows the 

comparison of TGA analysis for 450k, 1.25mil, and 3mil poly(acrylic) acid (PAA) with Silicon-

Graphene composite. Fig 3.1 shows that all the three mixtures have a similar composition (60% 

Silicon, 20% Graphene, 20% PAA binder), thereby ruling out the influence of composition when 

comparing their electrochemical performance. 

 

Fig 3.2: Thermogravimetric analysis (TGA) comparison of composites with 3 different silicon  



66 
 

The morphology and the size of the silicon were visually examined using Scanning Electron 

Microscopy (SEM). Fig 3.3, 3.4, and 3.5 show the top view of the different Silicon nanoparticles 

(S1, S2, and S3) using in this chapter. All images are taken at the same magnification of 500 nm 

and were analyzed using Image J to get the size distribution. 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.3 a) Morphology of S1- Silicon powder at 500 nm b) Size distribution of S1- Silicon 

Fig 3.3 a) and b) shows the morphology and size distribution of S1-Silicon. It can be seen from 

3.3 b), that the size of S1 silicon is around 50 nm with almost 50% of the Si nanoparticles lying 

around the 45-55 nm range. The average particle size of S1 silicon was found to be 50nm. 
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Fig 3.4 a) Morphology of S2- Silicon powder at 500 nm b) Size distribution of S2- Silicon 

Fig 3.4 a) and b) show the morphology and size distribution of S2-Silicon. It can be seen from 3.4 

b), that the size of S2 silicon is around 40 nm with almost 50% of the Si nanoparticles lying around 

the 35-45 nm range. The average particle size of S2 silicon was found to be 41nm. 

 

 

 

 

 

 

 

Fig 3.5 a) Morphology of S3- Silicon powder at 500 nm b) Size distribution of S3- Silicon 
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Fig 3.5 a) and b) shows the morphology and size distribution of S3-Silicon. It can be seen from 

3.5 b), that the size of S3 silicon is around 20 nm with almost 70% of the Si nanoparticles lying 

around the 15-25 nm range. The average particle size of S3 silicon was found to be 20nm. It is 

established that we have silicon nanoparticles of different sizes (20nm, 40nm, and 50 nm) through 

scanning electron microscopy (SEM). From here on S1 refers to 50nm, S2 refers to 40nm and S3 

refers to 20nm sized Si NPs. 

 Once the sizes of Si NPs have been established, we move on to examine the morphology 

of the electrodes using different Si NPs through scanning electron microscopy (SEM). 

Electrospraying was used to fabricate the composite electrodes (Si NPs, Graphene, PAA). All the 

3 electrodes containing combinations of different Si NPs (S1, S2, S3), graphene and PAA binder 

were visually examined at a magnification of 200 nm. Fig 3.6 a), b) and c) show the top view of 

composite anodes with S1, S2, and S3 Silicon, respectively. Fig 3.6 a) and b) shows as even 

distribution of silicon, graphene, and binder by visual inspection. In the case of 3.6 c) silicon NPs 

exhibit aggregation with the formation of clusters of Si NPs. This is due to the instability caused 

by Silicon nanoparticles of smaller size (20nm). S3 silicon NPs almost have half the size of the 

other two NPs (S1 and S2) used in this chapter. Researchers have shown that smaller nanoparticles 

make it all the more difficult to disperse in a slurry. The aggregation was seen in Fig 3.6c) is 

associated with the smaller size of Silicon. This lumpy behavior of silicon could cause hindrance 

in the electrochemical performance of the electrode. 
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Fig 3.6 a) Morphology of  S1- Gr- PAA composite electrode showing even distribution of electrode 

components  b) Morphology of S2-Gr-PAA composite electrode showing even distribution of 

electrode components c) Morphology of S3-Gr-PAA composite electrode showing lumpy behavior 

and aggregation of Si NPs 
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It is important to note that the flow characteristics of the prepared slurry will affect how they settle 

post electrospraying. This will have a significant impact on the quality of the electrode coatings 

and the resulting performance of anodes. Inhomogeneity in the distribution of the particles in the 

coating could result in isolated active material particles in the final electrode structure. Therefore, 

during cycling, the inhomogeneous particle distribution could render high tensions and stress in 

parts with high loadings of active material eventually leading to cell failure.  Fig 3.7 shows the 

difference between a homogeneous and an inhomogeneous slurry. Fig 3.7a) shows an even 

distribution of the components of the electrode in a solution, whereas Fig 3.7 b) shows a clear 

phase separation (the settling of graphene on the bottom of the vial). 

 

Fig 3.7 Comparison of homogeneous and inhomogeneous slurry before electrode fabrication 

(electrospraying) 

 

 

a) b) 
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Researchers used surfactants like Sodium dodecyl benzyl Sulphonate (SDBS), ammonium 

poly(acrylic) acid (PAA-NH4) to enhance the dispersion and to prevent inhomogeneity in anode 

slurries. Similarly, we employ Sodium dodecyl benzyl Sulphonate (SDBS) surfactant to enhance 

the dispersion of our slurry.  

 

Fig 3.8 a) Morphology of  S3- Gr- PAA composite electrode – Before addition of SDBS  

 b) Morphology of S3-Gr-PAA composite electrode – After addition of SDBS  

Fig 3.8 shows the morphology of the electrode containing S3 Silicon-Graphene and PAA with and 

without the addition of SDBS. From the image, it is evident that the presence of SDBS improves 

the dispersion. There is a stark improvement in the distribution of the electrode components and 

also a decrease in the aggregation of Silicon. However, Fig 3.8 b) showed a clear height difference 

between graphene and silicon materials in the electrodes. It is very important to ensure the proper 

packing of electrode materials. Improper packing will lead to loss of conductive pathways and also 

results in capacity loss. 

200 nm 200 nm 

a) b) 
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To calculate the packing density of the electrode, measurements of loading and thickness of the 

electrodes were made. The thickness of the electrodes was measured using a micrometer. Multiple 

readings of thickness were measured to ensure the reliability of thickness data. Loading of the 

electrodes was calculated by measuring the weight of the electrode before and after 

electrospraying. 

 

Fig 3.9 Comparison of Silicon - Packing (mg/mm) and their respective capacities (mAh/g) 

 

Fig 3.9 shows that electrodes fabricated with S1and S2 silicon have a better packing density/ better 

distribution of electrode components when compared to that of S3 silicon. This packing density of 

the electrodes can also be related to their respective capacities.  Poor packing leads to a lack of 

conductive pathways between the electrode components. We hypothesize that the poor 

interconnectivity among the electrode components leads to reduced utilization of silicon which 

further leads to a reduction in capacity. 
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Cross-sectional images of the electrodes were examined through Scanning electron microscopy 

(SEM). Fig 3.10 clearly showed significant multiple layers in the electrode structure. The 

arrangement of silicon and graphene was irregular, thereby leading to a poor electrode structure. 

As mentioned earlier, this could lead to loss of electrical contact between the electrode materials 

and affect the cell performance. 

 

Fig 3.10 Cross-section image of electrode exhibiting poor packing of the electrode 

 

Fig 3.11 Electrode structure showing a significant loss of conductive pathways and poor 

interconnectivity between electrode materials 

 

Lack of interconnection between electrode materials 
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Si nanoparticle’s inherent low conductivity leads to its dependence on conductive agents like 

graphene to improve the interconnectivity and conductivity of the system. To improve the packing 

of the system, additional steps need to be performed to ensure the improvement of electrode density 

and reducing void spaces. Calendaring could alleviate the above-mentioned problem and provides 

a better packing density of the electrode. 

 

Fig 3.12 Schematic representation of electrode structure – post calendaring showing improved 

packing density and interconnectivity 

 

Besides the decrease in the inner conductive pathways caused by the poor electrode structure, the 

poor packing of electrode structure leads to excess exposure of silicon to the electrolyte solution. 

Si NPs settled on the electrode surface are exposed more to the electrolyte and trigger excess side 

reactions. Besides, Si NPs expand and contract without limitations at the electrode surface and 

leads to additional cracks. These cracks tend to form additional SEI layers thereby blocking Li+ 

transport and leading to the formation of unstable SEI. Therefore, we come up with the idea of 

coating an additional sheath layer of graphene over the calendared electrode to cover the whole 

electrode surface. This creates a stable SEI layer between the electrolyte and graphene instead of 

Calendaring improves packing density and interconnectivity 
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the silicon. Therefore, this graphene layer acts as a protection layer both physically and 

electrochemically above the electrode structure.  

 

Fig 3.13 Schematic representation of step-by-step electrode modifications 

Lack of interconnection between electrode materials 

Calendaring improves packing density and interconnectivity 

Graphene acting as a physical and electrochemical protective layer 

CALENDARING 

GRAPHENE COATING 

Graphene 

Silicon 

Cu collector 
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Fig 3.13 shows the schematic representation of step-by-step modifications performed on the 

electrode to render good packing of electrode materials and also preventing the formation of 

unstable solid electrolyte interphase (SEI). Calendaring alleviates the problems related to electrode 

packing and coating the electrode with an additional sheath layer of graphene ensures a stable SEI 

layer between the electrolyte and graphene. 

Electrical characterization of electrodes: Four-point probe: 
 

A four-point probe was used to analyze the electrical characteristics of the composite electrode 

film. To measure the resistivity of our samples, we coat (air-assisted electrospraying) our samples 

as composite films on top of the substrate (silicon wafer).  

 

Fig 3.14 Four-point probe resistivity measurements with electrode modifications indicating 

improvement  electrode interconnectivity after calendaring and graphene coating  
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Four-point probe conductivity measurements in Fig 3.14 reveals that with additional electrode 

modifications like calendaring (compression) and coating an additional layer of graphene, reduces 

the system resistivity. This means the interconnectivity produced by the proper packing of 

electrode components has enabled a better conductive pathway leading to reduce resistivity. Also, 

the additional sheath layer of graphene provides a better conductive pathway leading to a reduction 

in the overall resistance of the system. Therefore, electrode modifications like calendaring and 

coating render a better conductivity within the system which could lead to improved 

electrochemical performance. 

Electrochemical characterization of Silicon-Graphene-PAA nanocomposite electrode: 
 

The electrodes fabricated in electrospraying were assembled in a 2032 coin-type half cells 

configuration and were galvanostatically charged and discharged for multiple cycles. Each of these 

cells was lithiated to a voltage of 1.5V and de-lithiated to a voltage of 0.01V and was made to 

undergo 5 formation cycles at 0.1C and then were allowed to undergo cycling for 200 cycles post-

formation. 

Fig 3.15 shows the comparison of capacity-voltage profiles of the 3 different Si (S1, S2, and S3) 

used in the system. All the 3 cases show a very similar profile with a small plateau around 0.8V 

indicating the formation of SEI and then a larger plateau around 0.25V indicating Li insertion 

reactions with Si. All the Si were used as obtained and no additional modifications were performed 

to the electrodes. To our surprise, the Si which had the least size (S3 – 20nm) performed the worst 

with a delithiation capacity of 830 mAh/g with a silicon utilization of 53% and the silicon with the 

largest size (S1 – 50nm) performed the second best with a capacity of 1270 mAh/g with a-Si 

utilization of 70%.  Whereas the silicon with the second least size (S2 – 40nm) performed the best 

with a delithiation capacity of 1330 mAh/g with a-Si utilization of 74%. Technically, the 
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performance of Si does remain similar in the nanoscale range. S1 and S2 silicon (40nm and 50nm 

respectively) have similar capacities. However, there is a stark difference in the delithiation 

capacity of systems involving S3 silicon (20nm). This can be explained by the inhomogeneity 

observed in the scanning electron microscopy (SEM) images (Fig 3.6) and also by visual 

inspection of vials before electrospraying (Fig 3.7). Both these figures demonstrate the 

inhomogeneity in the distribution of the active materials that result in isolated active material 

particles in the final electrode structure.  This isolation of active material and aggregation causes 

poor activation of Si and hence causes a reduction in capacity. 

 

Fig 3.15 Comparison of formation cycles with different Silicon (S1, S2, and S3) 

To eliminate the problem of aggregation in slurry solution (containing S3), Sodium dodecyl benzyl 

Sulphonate (SDBS) surfactant was employed to enhance the dispersion of our slurry. About 1% 

of SDBS was substituted in place of the binder (PAA) and used in the system to enhance the 

dispersion. SEM results (Fig 3.8 a and b) show the significant difference in the morphology of the 
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coating before and after the addition of SDBS. The addition of SDBS showed enhancement in the 

distribution of active materials in the electrode (Fig 3.8 b)). 

 

Fig 3.16 Comparison of formation cycles of Silicon (S3) before and after addition of SDBS 

However, despite the addition of surfactant agents like SDBS the performance enhancement was 

not drastic. Silicon (S3) with SDBS showed only a 10% enhancement in capacity. It had a 

delithiation capacity of 930 mAh/g with an only Si utilization of 58%. Further addition of SDBS 

(2-5%) deteriorated the capacity and produced lesser coulombic efficiency and hence the amount 

of SDBS was limited to 1% of the total electrode composition.  
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Fig 3.17 Comparison of formation cycles of different Silicon (S1, S2) and S3 with SDBS 

Fig 3.17 shows that despite the addition of SDBS surfactant to improve the dispersion of active 

materials, the capacity of the system containing S3 (20nm) is lower than S1 (50nm) and S2 (40nm). 

The coulombic efficiency of S3 is 74% when compared to that of S1 and S3 particles having close 

to 85%. The significant reduction in coulombic efficiency of smaller sized particles is attributed 

to their size. Since smaller size particles have a larger surface area, there are additional reaction 

sites that thereby reduces the initial coulombic efficiencies.  Table 3.1 shows the lithiation, 

delithiation capacities, the initial coulombic efficiency, and the silicon utilization percentages of 

the silicon used.  
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Table 3.1 Comparison of formation cycles of different Si systems used in this chapter 

 

Property 

Silicon used and their respective sizes 

S1 

(50nm) 

S2 

(40nm) 

S3 

(20nm) 

S3 (20nm) with 

SDBS 

Discharge Capacity (mAh/g) 1500 1554 1142 1251 

Charge Capacity (mAh/g) 1266 1328 841 928 

Initial coulombic efficiency (ICE) (%) 85 84 74 73 

Si utilization (%) 70 74 53 58 

 

Additional structural examination (cross-sectional imaging- Fig 3,10), revealed that S3 silicon had 

a poor packing density when compared to that of other silicon used in the system. The poor packing 

density of the electrode could potentially be the reason for the inferior performance of the S3 

electrode. Improper packing of the electrode leads to loss of electrical contact between the active 

materials that cause a significant reduction in the utilization of Si. Hence, additional modifications 

like calendaring and coating additional graphene sheath layers were done to enhance the 

performance of the electrode (Fig 3.13). Calendaring alleviates the aforementioned issues related 

to packing and renders better interconnectivity of the active materials within the electrode system, 

whereas coating the electrode with an additional sheath layer of graphene ensures that a stable SEI 

layer between the electrolyte and graphene. The electrodes were electrochemically tested under 

the same conditions with the current electrode modifications. 

 

 



82 
 

 

Fig 3.18 Comparison of formation cycles of Silicon (S3) with modifications  

(Comp – Compression, Gr- Graphene coating, CGr – Compression & Graphene coating) 

 

Fig 3.19 Comparison of formation cycles of S2 and S3 with modifications  
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Fig 3.18 shows the comparison of formation cycles of electrodes with electrode modifications. As 

discussed earlier, the combined effect of calendaring and graphene coating outperforms the other 

modifications. The disc with no electrode modifications shows the least coulombic efficiency, due 

to its highly open structure. The electrolyte decomposition starts the leading to more Li+ waste for 

irreversible SEI formation (Fig 3.17). It also has the lowest specific capacity, which shows the lack 

of inner conductive pathways for Li ions transport due to the presence of loose structure (Fig 3.11) 

The second largest irreversible capacity loss is found in the system containing the anode that goes 

through compression but does not have a graphene protective layer. The coulombic efficiency has 

vastly improved in the case of additional graphene coating, showing the presence of additional 

graphene layer prevents the contact of Si and electrolyte  thereby avoiding the formation of SEI 

(Si-electrolyte) that inhibits the coulombic efficiency.  The system containing a combination of 

calendaring and graphene coating not only shows a densely packed geometry but also shows better 

coulombic efficiency due to the presence of graphene layers on top  that reduces inner resistance 

effectively. The electrochemical reactions between graphene and electrolyte prevents those 

between silicon nanoparticles and electrolytes, preserving the reversible capacity.  Fig 3.19 shows 

that the discharge capacity of S3_CGr is the same as that of S1 providing a similar amount of Si 

utilization. S3 silicon achieves a discharge capacity of 1570 mAh/g with a-Si utilization of 75%. 

However, the first cycle coulombic efficiency of S3 is only 75% compared to the 84% observed 

in S2. This is largely attributed to the size of the silicon. S3 silicon has a larger surface area due to 

its smaller size thereby having additional reaction sites. These additional reaction sites cause 

decrease in coulombic efficiencies. This continues to be a major hindrance for the application of 

smaller sized silicon particles. Table 3.2 shows the comparison data of capacities and efficiencies 

of S3 silicon with the modifications. 
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Table 3.2 Comparison of formation cycles of S2 and S3 with modifications 

 

Property 

Silicon used and their respective sizes 

S2  S3_Gr  S3_Comp S3_CGr 

Discharge Capacity (mAh/g) 1554 1388 1286 1570 

Charge Capacity (mAh/g) 1328 992 823 1130 

Initial coulombic efficiency (ICE) (%) 84 75 64 77 

Si utilization (%) 74 70 64 75 

 

The electrodes fabricated in electrospraying were assembled in a 2032 coin-type half cells 

configuration and were galvanostatically charged and discharged for multiple cycles. Each of these 

cells was lithiated to a voltage of 1.5V and de-lithiated to a voltage of 0.01V and were made to 

undergo 5 formation cycles at 0.1C and then were allowed to undergo cycling for 200 cycles post-

formation. 

Cycle retention profiles (Fig 3.20) illustrate systems’ ability to maintain geometric integrity and 

provide Li ion conductive pathways in long-term charge/discharge process Fig 3.20 shows the 

comparison of cycle-life characteristics of S2 and S3 silicon with modifications.  S3 with 

modifications outperforms S2 and has a retention capacity of nearly 71% over 100 cycles, whereas 

S2 silicon only has a retention capacity of 61%.  The smaller size of silicon along with additional 

electrode modifications render a much stable electrochemical performance over a long time when 

compared to that of S2 silicon.  
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Fig 3.20 Comparison of cycling characteristics of S2 and S3 with modifications exhibiting better 

cycle retention characteristics in S3  

Improvements in the electrochemical performance’s post modifications have been confirmed 

through electrochemical impedance spectroscopy (Fig 3.21and 3.22) (EIS). EIS was performed on 

cells with modification (calendaring, graphene coating and a combination of both). Semicircle in 

the EIS curve depicts the charge transfer resistance and the sloped line is a measurement of Li ion 

diffusivity. Calendaring reduces the resistance by nearly 30% without hindering the Li ion 

diffusivity. By calendaring, more inner conductive pathways are created due to the reconnection 

between the active materials (Si and graphene). The addition of a graphene layer (0.06 mg cm-2) 

also reduces the charge transfer resistance owing to graphene’s superior conductivity. The 

electrode with the combination of both calendaring and graphene coating renders a better 

interconnectivity and also improves the system conductivity and thereby has the least resistance.  
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Fig 3.21 Nyquist plot comparing electrodes with no modification and modifications like 

calendaring and graphene coating 

  

Fig 3.22 Nyquist plot comparing electrodes with no modification and combined modification of 

calendaring and graphene coating 
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To further distinguish the effect of additional modifications, rate capability tests were conducted 

on the systems with and without modifications to see their performance at higher charge rates. Fig 

3.23 shows the rate capability comparison with different electrode modifications. All additional 

modifications perform much better than the system without modifications. Calendaring 

(compression) enables better contact between active materials and thereby improving the 

interconnectivity of the system. Graphene coating improves the overall conductivity of the system 

and thereby aiding quicker transport of Li ions. The combination of compression and graphene 

together improves both system interconnectivity and also enhance the overall conductivity of the 

system thereby facilitating quicker Li ion transport. All these properties render the electrode with 

the combination of compression and graphene, a significantly higher capacity compared to the rest.  

 

         Fig 3.23 Rate capability comparison with different electrode modifications 
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Four point probe conductivity measurements confirm our earlier results. Fig 3.24 shows that the 

system containing a modification of compression clearly has lesser resistivity compared to that of 

the one with no modification. This is owing to the fact that system interconnectivity is improved 

in the compressed electrode. Graphene coating outperforms both the previous electrodes mainly 

owing to the significant conductivity of graphene. The disk with both the modifications has the 

least resistivity, thus coherent with previous results of rate capability and EIS. Hence, electrodes 

containing additional modifications like calendaring and additional sheath layer of graphene 

perform better overall when compared to electrodes without modifications (Fig 3.14). 
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Conclusion: 

In summary, this study presents a facile scalable fabrication method of silicon-graphene-PAA 

complex anodes via air-controlled electrospraying. A thin coating of the electrode material 

comprising of SiNPs/PAA/Graphene was obtained by directly spraying the active material slurry 

with the application of high air pressure and voltage. Different sizes of silicon (S1- 50m, S2- 40nm, 

S3- 20nm) were characterized and their electrochemical performance were analyzed. 

Electrochemical comparison showed that electrodes containing S3 silicon showed lower capacity 

(low utilization of Si – 53%) owing to its dispersion issues and poor electrode structure (poor 

packing). Additional electrode modifications like calendaring and graphene coating were 

performed to enhance their electrochemical performance (by offering more activation sites and 

conductive pathways). Calendaring and graphene coating on its own delivers  significantly higher 

specific capacity and provide better capacity retention characteristics than that of electrode 

containing no modifications. However, the combination of compression and graphene layer with 

loading of 0.06 mg cm-2 delivers the best result. The combination of electrode modification along 

with the smaller size of silicon renders a better capacity retention over a long time. We engineer 

silicon/graphene/PAA electrode with additional modifications and prove that with the enhanced 

structure post modifications, a much better electrochemical performance can be achieved. In 

conclusion, this study is achieved with simple and non-toxic process and suitable for scaling up in 

future. Smaller sized silicon (~20nm) with appropriate modifications (calendaring and graphene 

coating) has a much more stable performance and supports the development of next-generation, 

high-capacity, long-cycle and portable Li-ion battery. 
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CHAPTER 4: FUTURE WORK 
 

Chapter 2: 

In chapter 2, we discussed about the potential of Poly (acrylic) acid (PAA) binders and its 

electrochemical performance over large number of cycles. Carboxymethyl cellulose (CMC) just 

like PAA possess carboxylic functional groups that enable then to strongly bond with the native 

hydroxyl functional groups present on the Silicon particle surface. Secondly, CMC does not swell 

in electrolyte and is also mechanically robust. CMC is a linear derivative of cellulose with 

commonly 0.5 – 1.5 monomeric units of carboxymethyl groups (-CH2COO-). However, CMC is a 

rigid polymer and is not elastic enough to contain the volume expansion of Si. In recent years, 

researchers have witnessed an increasing interest towards designing high strength polymers with 

cross-linking architecture in various fields ranging from drug delivery to batteries. This is due to 

the fascinating mechanical properties that allow these polymers to be stretched more than 5-10 

times their original volume. This is in stark contrast which we observed in PAA binders and could 

act as a promising multifunctional binder for constructing Si anodes. Styrene butadiene (SBR) is 

a binder that possess a high flexibility, stronger binding force and is highly elastic. All these 

properties make SBR a very good combination with to CMC. Dynamical mechanical analysis 

(DMA) was done as a comparison to visualize how much stress these binders can endure. Results 

(Fig 4.1) from DMA show that CMC endures more stress and has higher strain than that of 3 mil 

PAA (binder molecular weight that had highest strength in Chapter 2). CMC-SBR system on the 

other hand exhibits low stress but are very elastic. The strain % of CMC-SBR is nearly 50 times 

that of other binders and this elasticity of CMC-SBR binder could be very useful in containing the 

volume expansion in Si based anodes. 
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Fig 4.1 DMA comparison of binders showing the extremely high strain of CMC-SBR 

Table 4.1 Dynamic mechanical analysis (DMA) results for various binder 

Dynamic mechanical analysis (DMA) results for various binder 

Binders Stress (MPa) Strain (%) 

450k 26 1.89 

1.25 mil 32 2.03 

3 mil 36 3.43 

CMC 44 5.17 

CMC-SBR 14 139 

 

Therefore, CMC-SBR crosslinked binder has a significant potential to mitigate issues related to 

volume expansion in silicon based anodes for lithium ion  batteries. 
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Chapter 3: 

In chapter 3, issues related to the size of silicon were addressed. It was seen that S3 Silicon which 

had the smallest size (~20nm) with electrode modifications had a much better retention capacity 

than that of S2 silicon. The smaller size of S3 silicon and the additional electrode modifications 

rendered good capacity as well as rate capability. Researchers have looked at other properties of 

silicon like its shape and morphology (solid core-shell, a yolk-shell, hollow core-shell, nanotubes, 

nanowires etc.). Surface oxidation of Si particles readily occurs during their preparation, 

transportation, and storage. The role of oxygen element in the electrochemical properties of Si still 

remains unclear and hence would be an interesting property to study. Si particle size and oxygen 

content; surface conditions, morphology and major electrochemical properties are key physical 

parameters that have a significant effect on electrochemical performance is of great significance 

for the selection and optimization of Si materials in the LIB industry. Therefore, it would be a 

good follow up study to understand the effects of these key physical properties. 


